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of the DNA enables both strands to be read. Since the same piece of DNA is analysed twice, a 1 0 0 consensus ("2D") read of greater accuracy can therefore be generated. The MinION was initially statistics here mainly for completeness. We next investigated putative protein coding sequences 1 7 1 using TransDecoder (version 2.0.1) [33] , specifying that any potential open reading frame (ORF) 1 7 2 must code for a protein at least 100 amino acids long. The longest putative ORFs were compared to 1 7 3 the Swissprot protein database (downloaded on 29/07/2015 from www.uniprot.org) and all ORFs 1 7 4 with homology to known proteins retained ( Table 4 ). The corrected MinION data had a higher 1 7 5 proportion of predicted mRNAs encoding a ≥ 100 amino acid protein ( Figure 4 ) and, given the higher values for the proovread-corrected data, and the fact that it contains a greater proportion of 1 7 7 key venom gene families, we therefore focussed on this dataset for a more detailed analysis of 1 7 8 candidate venom toxin encoding genes in E. coloratus. We have previously suggested that the venom of E. coloratus comprises products from 34 different 1 8 0 genes, in 8 gene families [14] . However, in order to gain a better appreciation of the utility of the 1 8 1 MinION for characterising venom gland transcriptomes, we have expanded our analyses beyond 1 8 2 only these genes to other members of the same gene families which we previously ruled out as 1 8 3 contributing to venom toxicity based on low expression levels and/or a wider tissue expression and at least some 5' and 3' untranslated region (UTR) sequence). This number is slightly misleading 1 8 7 however, as seven of the c-type lectin (ctl) genes have identical 294bp 5' UTRs and have therefore 1 8 8 likely been misassembled, probably as a result of very high similarity in the region encoding the Interestingly, despite its reputation for producing chimeric transcripts [17], we find little evidence 1 9 1 of this in our Trinity dataset and in fact encounter such issues only in the EST dataset, where vegf-f, Illumina-corrected MinION reads for the Eco6 sample provided full coding sequences for 29 of 33 1 9 4 genes detected. Sequence identity between the corrected reads and the Trinity reference was 1 9 5 typically 99-100% across the aligned region, and this was often higher than that of the EST clusters, where sequence quality deteriorated towards the ends. We were also able to identify putative splice 1 9 7 variants using the MinION data that had not been recovered by either of the other two approaches. Although we did not detect all target transcripts, this was not unexpected for a variety of reasons. Firstly, the Illumina Trinity assembly reference dataset was assembled from several individuals at 2 0 0 different time points during venom synthesis following milking and so certain genes may not be MinION dataset is based on only 40, 952 high-quality reads, whereas the Illumina data for the two 2 0 3 samples comprised 52,179,724 paired-end reads (10,513,367,160bp) . Investigation of the effect of 2 0 4 sequencing depth on the characterisation of snake venom gland transcriptomes using sub-2 0 5 assemblies of existing data (Supplementary file 2) suggests that assemblies based on around 8 2 0 6 million 100bp paired-end reads are able to return BLAST matches to all candidate genes. It is 2 0 7 therefore truly exceptional that our much smaller amount of MinION data is able to provide not just 2 0 8 matches, but full coding sequences for such a large number of venom genes in our study species. Although developed primarily to boost sequence production at the late stages of flow-cell use, we 2 1 0 find that the modified 4x8hr run scripts produce a much smoother data acquisition profile ( Figure 6 ) 2 1 1 and it seems likely that further refinements in this area will greatly improve data generation. The 2 1 2 largest contributor to total sequence output however seems to be the number of available pores on 2 1 3 each flowcell (Table 1, Figure 6 ) and greater consistency in this area, together with planned future 2 1 4 increases to the number of pores per flowcell and the speed at which DNA traverses the pore will 2 1 5 greatly increase the amount of data generated per flowcell. As an example of the speed at which the 2 1 6
MinION and its associated technology and reagents are developing, we used the latest versions of Metrichor and 2D basecalling workflow (version 2.26.1 and 1.14 respectively) to re-analyse the year separating our and their experiments, the runs that we performed using R7.3 flowcells using 2 2 1 the 2D cDNA sequencing protocol with Nanopore Sequencing Kit SQK-MAP005 generated 2 2 2 (roughly) 20-45 times as many reads; 50-100Mb more total sequence; 450-1000 times as much 2 2 3 high-quality data and 500-1000 times as much high-quality sequence. These figures clearly 2 2 4 demonstrate the rapid pace of development of the Oxford Nanopore MinION. Until relatively recently it seemed as though DNA sequencing was coming to be dominated by a 2 2 7 single company, and a single platform (or at the very least, a closely related family of platforms), 2 2 8 with a particular focus on generating an ever-increasing number of human genome sequences. Indeed, the Illumina HiSeq X Ten system has been engineered to only be able to sequence human 2 3 0 genomes and the required $10 million outlay restricts the number of potential purchasers the Oxford Nanopore MinION has the potential to be a truly disruptive technology, offering long 2 3 5 reads (in theory limitless, but in practise determined by the size of DNA fragments provided by the 2 3 6 user), low and flexible pricing (including a "Zero Hour Flowcell" plan, where users can pay lower 2 3 7 amounts for a defined number of hours of sequencing) and portability. This latter is particularly 2 3 8 important for field-based species identification, or for rapid response to disease outbreaks [34] . with increased numbers of pores, "fastmode" sequencing to increase output and automated sample 2 4 1 preparation techniques will go some way to enabling the MinION to meet its full potential, but we 2 4 2 predict that the greatest advances will come from improvements to the basecalling algorithms. are clearly already effective and can produce a fully circularised bacterial genome for around £500 2 4 5
[35], and de novo error-correction approaches have been shown to be possible in at least some cases 2 4 6
[30]. For our purposes, a hybrid approach to error correction provided full coding sequences for a 2 4 7 large number of venom toxin encoding genes, and was superior to both Illumina-only approaches 2 4 8 and Sanger-based ESTs. We therefore suggest that, in the absence of reference genomes, such 2 4 9 hybrid approaches will become the default method for the characterisation of transcriptomes from a 2 5 0 wide range of species. scaled viper (Echis coloratus) data was derived from two individuals (Eco6 and Eco8), using four 2 6 0 R7.3 flowcells and both the standard 48 hour run (with a "re-mux" voltage change at 24hrs) and a 2 6 1 modified run utilising four re-mux steps at 8 hour intervals. Protobothrops flavoviridis statistics are 2 6 2 derived from a reanalysis of the raw data of Mikheyev and Tin [25] . 'Pass' data is that selected by 2 6 3 the base-calling software Metrichor as being high quality and consists entirely of 2D read data. Illumina data from the same tissue samples. The ten most under-represented 5mers for each 3 2 6
comparison are shown, with homopolymer 5mers particularly under-represented. mRNA encoding an open reading frame of at least 100 amino acids that has homology to a known U  T  R  O  R  F  3  '  U  T  R  5  '  U  T  R  O  R  F  3  '  U  T  R  5  '  U  T  R  O  R  F  3  '  U  T  R   c  r  i  s  p  -b  7  2  4  7  2  0  5  7  2  8  9  7  2  0  1  2  1  1  9  6  7  2  0  5  6  4   c  t  l  -a  2  9  4  4  7  7  1  1  1  6  ---8  8  4  7  7  1  9 (ORF), although it is likely that the true number is lower, as the identical 5' UTR length of c-type full ORF. Data generated using the Oxford Nanopore MinION, corrected using proovread, is able to
detect 33 candidates, of which 29 contain the full ORF. Incomplete ORFs are indicated with an *. (including a remux after 24 hours) and a set of modified run scripts that perform four re-muxes at 8 3 7 9
hour intervals were used. This latter approach yields a much smoother data acquisition profile. The 3 8 0 number of pores available at initial QC for each flowcell is given in brackets in the legend. (Klenow Fragment (3´→ 5´ exo-)) and incubation at 37°C for 30 minutes, followed by clean-up 4 2 0 with 1.8x Agencourt beads (as above) and elution in 15µl of nuclease-free water. Prior to amplification, adapters were ligated to the end-repaired, dA-tailed ds cDNA using 5µl of 4 2 3
the Oxford Nanopore SQK-MAP005 PCR adapters (a double-stranded oligonucleotide supplied by 4 2 4
Oxford Nanopore, formed by heating a solution containing each oligo (Short_Y_top_LI32 5'- 5'-ACTTGCCTGTCGCTCTATCTTC-3') and 23µl nuclease-free water. Initial denaturation was 
